method used to record epileptiform activity holds great promise for presurgical evaluation. 3, 4, 8, 17, 20, 21, 29, 32, [42] [43] [44] 47 This diagnostic modality has potentially greater spatial resolution than surface EEG, permitting more precise localization of epileptogenic cortical sources. Because magnetic fields produced by intracellular currents are not seriously affected by inhomogeneities in the conductivity of tissue surrounding the primary source (such as the skull, scalp, and cerebrospinal fluid), MEG can provide accurate information regarding the anatomical location as well as the temporal pattern of intracranial electric activity. Taking advantage of this feature of MEG, some researchers have demonstrated the usefulness of localizing abnormal LFMA, especially in cases in which interictal spikes are absent or rare. 10, 23, 28 Authors of most existing reports, however, have focused on patients with focal brain lesions, such as neoplasms or arteriovenous malformations. The potential significance of LFMA for the determination of the side and location of the epileptogenic focus in patients with idiopathic seizure disorder remains undetermined. This issue is addressed in the present study. If LFMA does reflect the presence of an epileptogenic focus, it could serve as an additional reliable indicator of the side and location of the epileptogenic focus in cases of nonlesional MTLE.
Clinical Material and Methods

Patient Population
We reviewed the results of presurgical MEG evaluations in 29 consecutive patients, who underwent conventional anterior temporal lobectomy for intractable MTLE, between September 1997 and March 2000 at the Texas Comprehensive Epilepsy Program.
The suspected location of the epileptogenic focus was identified using video-EEG monitoring with scalp and sphenoidal electrodes, MR imaging, interictal and ictal SPECT, PET, neuropsychological testing, Wada testing, and, when necessary, video-EEG monitoring with intracranial electrodes. In all cases, the suspected location included either the left or the right MTL. The sample included 13 male and 16 female patients ranging in age from 4 to 60 years (mean 30.6 years). Written informed consent was obtained from all patients or their guardians. Clinical and demographic information on each patient is summarized in Table 1 .
Magnetoencephalography Recordings
Continuous MEG was performed using a 148-channel whole-head magnetometer (Magnes WH2500; 4-D Neuroimaging, San Diego, CA), which was housed in a magnetically shielded room. At the same time EEG was performed using a bipolar montage (Neurofax; Nihon-Kohden, Tokyo, Japan) with gold disc electrodes placed at 20 scalp locations, based on the International 10-20 system. Magnetoencephalography was performed at a sampling rate of 508 Hz. The online bandpass filter was set between 1 and 100 Hz. For optimum interictal and LFMA analysis, offline filtering was performed with the bandpass set between 1 and 70 Hz (with a 60-Hz notch filter) and 1 to 7 Hz, respectively. The LFMA was defined as trains of high-amplitude rhythmic activity with frequencies lower than 7 Hz, which were easily distinguished from background rhythmic activity. 10, 11, 22, 23, 36 Lateralized LFMA was classified into the two categories of delta (1-3 Hz) and theta (4-7 Hz) activity to examine potential frequency-dependent differences in the incidence and location of this activity. Because MEG recording time is limited by the requirement that the patient remains still and the head remains in a fixed position, recording periods were usually restricted to 20 minutes, and extended to a maximum of 30 minutes in patients who did not exhibit any epileptiform discharges during the first 20-minute recording period. The principles underlying MEG generation, recording, and source localization are reviewed elsewhere. 4, 6, [18] [19] [20] 35, 40 
Data Analysis
As part of the analysis of LFMA and interictal paroxysmal activity, we calculated the ECD location, orientation, and dipole strength (dipole moment) for each event. The ECDs were computed at successive 2-msec intervals during the temporal evolution of each spike or slow-wave train by using data from a set of 37 neighboring MEG sensors that contained both extremes of the magnetic flux distribution associated with each event. The ECD solutions were considered acceptable if they met the following criteria: 1) a correlation coefficient that was at least 0.98 (ensuring that the solution accounted for 96% or more of the variance in the observed magnetic flux distribution associated with each event); 2) a root mean square of magnetic flux of 400 fT or more across all 37 channels; and 3) a dipole moment, Q, lower than 400 nA/m. An ECD sorting program was also applied to select the ECD with the best correlation coefficient for each event. This procedure results in a tighter cluster of ECDs, by retaining only the best solution (that is, the one presumably more reliable) for each event from a series of contiguous ECDs that are likely to be modeling the same source. 23 In addition, power spectrum analysis was performed by computing the fast Fourier transform for assessing hemispheric asymmetries in background activity. More details on MEG data analyses can be found in a previous report from our group. 47 
Overlay of MR Images
To visualize results with respect to brain anatomy, the dipole locations were projected on T 1 -weighted MR images with a 1.4-mm slice thickness. During MR imaging, three lipid markers were placed as fiducial points on the patient's head, the nasion, and the left and right external meati. At the beginning of the MEG recording session, the locations of the same fiducial points were also recorded relative to the magnetometer sensor, thus establishing a common spatial reference for the transposition of three-dimensional coordinates between MEG and MR imaging data (as previously described by Breier, 6 Simos, 40 and their colleagues).
Consensus Regarding the Epileptogenic Area
For each patient, a final presurgical evaluation was made by the Texas Comprehensive Epilepsy Program team based on clinical semiology, results of interictal and ictal scalp EEG recordings from intracranial electrodes (23 of 29 patients), neuropsychological testing, MR imaging, and also interictal PET and SPECT, and ictal SPECT scanning, when available. Intraoperative electrocorticography was also performed in all cases. Consequently, the region exhibiting predominant LFMA, as assessed by the finding of LFMA asymmetries, could be correlated with the location of the epileptogenic zone. The histopathology report on resected tissue was noted to establish the usefulness of predominant LFMA in localizing certain pathological conditions. Outcome information was obtained during routine clinical follow-up review at the Texas Comprehensive Epilepsy Program.
Results
Source Location of MEG Discharges
Typical interictal epileptiform discharges were noted on MEG recordings in all patients and were localized to the side of the resection; however, interictal spike sources in the MTL ipsilateral to the focus were found in only 14 cases (48%) ( Table 2 ). In virtually all cases, activity sources on the lateral surface of the temporal lobe were also found.
Lateralized LFMA was noted in 17 patients (58.6%) and, in all cases, originated on the side ipsilateral to the side of the resection. The LFMA was mainly polymorphic and organized in trains of variable duration. The predominant frequency was between 4 and 6 Hz, and the amplitude was invariably greater over the temporal area ipsilateral to the epileptogenic zone ( Figs. 1 and 2 ). There was no apparent difference in lateralization or localization of sources of slow-wave activity in either the delta (1-3 Hz) or theta (4-7 Hz) range. In eight of these patients, LFMA sources were found in the MTL that was subsequently resected. Analyses of LFMA yielded MTL sources in three patients in whom interictal spike activity failed to show evidence of a mesial focus. In the remaining patients, LFMA sources were found on the lateral surface of the temporal lobe ipsilateral to the surgically treated side, coinciding with the localization of interictal spike sources (Fig. 3 and Table 2 ). No significant localization differences between interictal spike activities and LFMA were noted.
Findings on MR Imaging
Unilateral pathological characteristics of the MTL, in the form of hippocampal atrophy or increased hippocampal signal on T 2 -weighted MR images, was present in 27 patients. In all cases, abnormalities were noted on the side ipsilateral to the side of resection. Hippocampal volumetry was normal in two patients in whom visual analysis failed to provide lateralizing information. No other abnormality was noted on any MR images. * AITL = anterior inferior temporal lobe; AMTL = anterior middle temporal lobe; ASTL = anterior superior temporal lobe; HP = hippocampus; MMTL = middle middle temporal lobe; PMTL = posterior middle temporal lobe; PR = parietal lobe; PSTL = posterior superior temporal lobe; SS = somatosensory cortex; Ϫ = no reliable localization.
Resective Surgery and Histopathological Investigation
All patients subsequently underwent standard anterior temporal lobectomy. Surgery was performed on the left hemisphere in 19 patients and on the right hemisphere in 10. Histopathological investigation confirmed mesial temporal sclerosis in 26 patients and nonspecific gliotic changes in the remaining three (Table 1) .
Twenty-five (86%) of 29 patients had not experienced subsequent seizures as of the time of the follow-up evaluation, which was conducted an average of 6 months postoperatively, according to guidelines published by Luders, et al. 25 Patient outcomes are summarized in Table 1 , according to the classification scheme proposed by Engel and associates. 9 
Discussion
Authors of recent clinical studies performed using largearray biomagnetometers have documented the use of magnetic source imaging in localizing interictal spike sources during presurgical evaluation. Extensive experience has shown that MEG provides more accurate localization of cortical areas that generate interictal spikes than surface EEG. 3, 4, 8, 17, 20, 21, 28, 29, 32, 33, [42] [43] [44] 47 On the other hand, data obtained using MEG are less helpful in patients with anteromesial temporal foci in whom there are other localizing signs such as hippocampal atrophy or clear onset of ictal EEG activity at sphenoidal electrodes. 8 In the present study, 15 of 29 patients failed to exhibit interictal MEG spikes originating from the primary focus in the MTL. The results of both clinical and experimental studies have indicated that MEG is not always successful in detecting activity from deep intracranial sources including those in the MTL. Thus, only a small proportion of epileptiform discharges recorded using electrodes placed on the mesial surface of the brain (electrocorticography) are detected by MEG. 27 Even in patients with lateral temporal foci, epileptiform discharges are detectable in the MEG record if they meet certain criteria, such as having an amplitude of 300 V or more and an activated area of at least 4 cm 2 . 45 Two main factors appear to contribute to this limitation of MEG: 1) the rapid decay in magnetic flux strength associated with increased distance from the source; and 2) the extent of the activated area. Operating jointly, these factors seem to be responsible for the observation that an area of approximately 6 to 8 cm 2 must be active in mesiobasal temporal areas to produce detectable MEG signals at the scalp. 2 The question that must be answered is why, in patients with mesial temporal foci, are epileptiform events detected by MEG often localized to the temporal lobe surface. One possible explanation is that cortical zones that generate interictal spikes (irritable regions) may be more extensive than epileptogenic zones. 26 In fact, epileptogenic zones may exist even in the absence of any detectable irritable re-
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Slow-wave analysis in mesial temporal lobe epilepsy gion. Ebersole 8 described three patterns of dipole orientation associated with MTLE and lateral TLE. Among them, the posterior temporal vertical dipoles were well correlated with lateral or nonlocalized onset. In all patients in our study, MTLE was well documented and the dipoles tended to be vertically oriented and scattered over the posterior lateral temporal surface. In addition, it is possible that MEG detects interictal activity resulting from the propagation of electrical activity from the primary-in this case, mesialfocus. 24, 41 Background activity is relatively stable in contrast with the unpredictable occurrence of spikes and seizures. 34 Long-term treatment with antiepileptic drugs, short-term discontinuation of these medications, and sleep do not produce focal changes in EEG background delta activity. 1, 7, 12, 16, 39, 46 The stability of delta activity is supported further by the absence of significant day-to-day changes in background activity observed in patients with long-term placement of intracerebral electrodes. 15 Therefore, interictal regional slow activity is considered to be a nonspecific, but reliable lateralizing sign visualized on EEG when adequately supported by the presence of ipsilateral epileptiform discharges. 11, 13, 34, 36 The origin of background abnormalities visualized with the aid of EEG in patients with intractable MTLE still remains unclear. Damage to gray matter, with the resultant decreasing synchronization of the active generator, and injury to white matter, reducing the excitatory inputs to the neocortex, result in increased delta activity on EEG. This activity is also generated in the healthy brain, especially in cortical pyramidal neurons. 2, 5, 14, 30 The generation of slow waves in patients with MTLE might be related to a chronic functional deactivation of the lateral temporal neocortex due to a disruption in thalamocortical and corticolimbic projections. 14, 30, 38 On the other hand, given that there is little correlation between the amount of delta activity and disease duration, some authors have suggested that continuous EEG background abnormalities in patients with MTLE do not reflect a regional functional impairment caused by chronic epileptogenesis. 3, 16 In the current study, in 18 of 29 patients a lateralized regional LFMA was found ipsilateral to the main focus. We could not find any correlation between LFMA and disease duration, and at 6 months postoperatively, seizure outcome was good in 14 of these patients. An examination of previous EEG studies yielded a rate of lateralization of interictal regional slow activity that ranged from 25 to 100%. 22, 31, 34 Methodological differences (criteria for lateralization, or visual compared with spectral analysis) and different criteria for patient selection might explain these discrepant findings. In our study, there were no clinical or pathological differences between patients in whom lateralization was based on MEG and those in whom it was not. The optimum length of the follow-up period is still a matter of controversy; 9, 25 however, recent work by Luders, et al., 25 demonstrated that a good outcome at 6 months is highly predictive of a good outcome at a follow-up period of 2 years or more.
Short trains of repetitive, rhythmic slow activity at 1.5 to 3.5 Hz, recorded predominantly over the mesiobaso-and anterotemporal regions, appear to be highly correlated with spike activity. 11 In contrast, theta activity is too often bilateral to be considered useful in lateralization. The colocalization of sources of spike and intermittent delta activity indicates that the region of the brain responsible for epileptic discharges may also produce the pathological slow waves recorded by scalp EEG.
11
Slow-wave activity detected by MEG has received little attention, however, and the few relevant studies have only dealt with its value in lateralization. In some pathological conditions, slowing of activity displayed on ongoing EEG recordings often exhibits a wide distribution across recording sites. Although it is possible to use MEG single dipole models to localize brain regions containing abnormal physiology, 23 use of single dipole modeling for spontaneous brain activity is still controversial. This method is effective for small focal sources, but does not accurately characterize extended sources. In those cases, ECD location may simply pinpoint the geometric center of the active cortex. It is also possible that ECD location will be deeper than the center of gravity of the extended dipole layer when a single dipole method is used. In our experience, dipole sources of LFMA were often localized in white matter, rather than at the cortical mantle as expected on the basis of biophysical considerations. This most likely indicates that an extended region of the overlaying cortex was actually responsible for generation of LFMA, with dipole modeling of this extended activity providing a deeper source location. 19, 32 These issues notwithstanding, our data show that it is possible to detect MTL activity sources by examining LFMA with the aid of MEG. In the present series MTL sources were found in eight of 18 patients in whom there was detectable LFMA. In all cases, the location of LFMA sources agreed with other localizing signs of MTL abnormality. When MEG and EEG source solutions of the same spike population are compared, the MEG dipole clusters are confined to localized regions of the temporal lobe, whereas EEG dipoles are often scattered among the temporal, frontal, and parietal lobes. 8 In general, the deep-superficial separation of interictal sources is difficult to study because extended cortical currents obscure the small fields produced by intracellular currents in the hippocampus, especially when MEG demonstrates abnormal large-amplitude background activity. It is therefore reasonable to conclude that the analysis of LFMA localization, regardless of whether it reflects an isolated interictal abnormality, is a reliable marker for the diagnosis of MTLE. Nevertheless, care must be taken to avoid confusing focal sources with more extended sources, and additional study is still needed to evaluate the validity of source localization as a useful, noninvasive modality to identify the epileptogenic zone in patients with MTLE.
Conclusions
We have demonstrated the usefulness of analyzing interictal LFMA and sharp spike activity, both of which were directly related to epileptogenic abnormalities elicited in 29 patients with MTLE. Taking into account the distribution of interictal LFMA and sharp spike activity recorded on MEG improves the diagnostic use of MEG in patients with suspected TLE who are undergoing surgical evaluation.
